The major facilitator superfamily (MFS) represents the largest group of secondary active membrane transporters, and its members transport a diverse range of substrates. Recent work shows that MFS antiporters, and perhaps all members of the MFS, share the same threedimensional structure, consisting of two domains that surround a substrate translocation pore. The advent of crystal structures of three MFS antiporters sheds light on their fundamental mechanism; they operate via a single binding site, alternating-access mechanism that involves a rocker-switch type movement of the two halves of the protein. In the sn-glycerol-3-phosphate transporter (GlpT) from Escherichia coli, the substrate-binding site is formed by several charged residues and a histidine that can be protonated. Salt-bridge formation and breakage are involved in the conformational changes of the protein during transport. In this review, we attempt to give an account of a set of mechanistic principles that characterize all MFS antiporters.
INTRODUCTION
Control of substrate movement across cytoplasmic or internal membranes is vital to the long-term survival of a cell. To achieve this, nature has evolved a diverse system of channel and transporter proteins that effect the translocation of ions and small hydrophilic molecules across these membranes. Bacteria employ three main types of transporter to fulfill this function: (a) so-called primary transporters, such as P-type ATPases and ATP-binding cassette transporters, which use the energy released from ATP hydrolysis to drive ions or solutes across the membrane; (b) secondary transporters, which drive substrate translocation by exploiting the free energy stored in the ion or solute gradients generated by primary transporters; and (c) group translocation systems, which couple translocation of a substrate to its chemical modification, resulting in release of a modified substrate at the opposite side of the membrane.
About 25% of all known membrane transport proteins in prokaryotes belong to the major facilitator superfamily (MFS) (68) , the largest and most diverse superfamily of secondary active transporters. The MFS contains 58 distinct families (http://www.tcdb.org/), with about 15,000 sequenced members identified to date (http://www.membranetransport. org/) (13, 53, 59, 64, 65, 68) , a number that is expected to swell as more genomes are sequenced. This superfamily is ubiquitous in all kingdoms of life and in all biological cells, and it includes members of direct medical and pharmaceutical significance. Mechanistically, MFS transporters display three distinct kinetic mechanisms: (a) uniporters, which transport only one type of substrate and are energized solely by the substrate gradient; (b) symporters, which translocate two or more substrates in the same direction simultaneously, making use of the electrochemical gradient of one substrate as the driving force; and (c) antiporters, which transport two or more substrates but in opposite directions across the membrane. Individual members within the MFS show stringent specificity, yet as a group the superfamily accepts an enormous diversity of substrate types (ions, sugars, sugar phosphates, drugs, neurotransmitters, nucleosides, amino acids, and peptides, among others). As a result, mechanistic studies of the MFS allows one to focus on fundamental questions related to how proteins recognize substrates and transport them across a membrane. Our understanding of these issues is well advanced in some model systems. This is especially true of the Escherichia coli lactose/H + permease (LacY), an MFS symporter that has been the subject of intense experimental scrutiny for many decades by a number of laboratories (1, 21, 38, 39) . By contrast, insight into the molecular details of mechanism is less advanced for antiporters, which are the main topic of this review. Here, we focus on studies of bacterial MFS antiporters, in particular the closely related sn-glycerol-3-phosphate:phosphate (GlpT) and hexosephosphate:phosphate (UhpT) antiporters from E. coli and the oxalate:formate transporter from Oxalobacter formigenes (OxlT). We try to provide a snapshot of contemporary understanding of structural and mechanistic aspects of these important and fascinating integral membrane proteins.
AN ABBREVIATED HISTORY
From the time of Hippocrates and Galen, who believed substances were absorbed through orifices in blood vessels in the intestinal wall, hypotheses to account for the translocation of even large substrates across biological membranes invoked processes such as osmosis and simple diffusion (20) . But as it stands today, that sector of membrane biology concerned with solute transport more properly owes its identity to theoretical and practical studies dating from the early 1950s. Until that time, those interested in transport of sugars, amino acids, or similar metabolites were constrained by a conceptual framework focused on the flow and distribution of ions (Na, K, Cl) across membranes, with findings evaluated in terms of coefficients of diffusion or permeability, flux ratio measurements, and whether or not a system could be considered at equilibrium (33) . This all changed in the early 1950s, when W.F. Widdas offered a new perspective in his study of glucose transport by the sheep placenta (81) and human erythrocytes (82) , and when others applied this same view to sugar transport by rat small intestine (19) and to phosphate transport across bacterial membranes (54, 55 Rocker-switch mechanism: the motion of the N-and C-terminal domains of MFS transporters that results in alternating-access of the substrate-binding site substrate complex. At the opposite surface, the bound passenger would be released, and the unoccupied carrier would return to the original membrane surface to complete a cycle, in which one cycle (turnover) leads to net transfer of one molecule of substrate (81) . Of course, we no longer believe that protein carriers literally diffuse across the membrane, although this is true of peptide carrier ionophores (e.g., valinomycin). Instead, in the spirit of Occam's razor, we accept the concept of a single binding site, alternating-access mechanism, and variations thereof, in which the transporter can possess two major alternating conformations, inward facing (C i ) and outward facing (C o ) (36, 73, 74, 77, 80) . In this case, translocation of substrate across the membrane is catalyzed by the interconversion of these two conformations.
Indeed, much of the current emphasis in the field is dedicated to developing experimental approaches that describe this conformational change. Such efforts now appear to validate two general kinds of models discussed over the years. On the one hand, structural insights provided by the study of MFS family members are nicely summarized by the rocker-switch mechanism (35) , a term meant to suggest that substrate might be fixed in space at its binding site. On the other hand, alternating access is provided as protein conformational changes alternately generate pathways of access to either surface (51) . As well, one might imagine a gated pore (60) , in which substrate moves as through an ion channel, but with gates that alternately open and close at either end. This is a view more suited to structural features revealed by certain non-MFS transporters. The nowaccelerating pace of structural work should provide enough examples to populate a continuum between these two extremes and perhaps even define new axes to consider.
STRUCTURAL CONSIDERATIONS

General Structure of MFS Proteins
Until the recent arrival of high-resolution three-dimensional (3D) structures of MFS proteins typically consist of 400-600 amino acids, and analysis of their primary sequences revealed that within any single family, sequence similarity is highly significant (59) . By contrast, at the level of the superfamily, individual MFS members share low sequence identity or similarity and are united only by a pair of conserved signature sequences, DRXXRR, at equivalent positions in the Nand C-terminal halves of the proteins in loops that join TM2 to TM3 and TM8 to TM9, respectively (49) . Along with the conserved transmembrane topology and the internal sequence homology between the two halves of the proteins, this duplicated signature sequence suggests a common ancestral gene for the MFS.
The importance of these earlier studies to a structural perspective was underlined with the publication of high-resolution 3D crystal structures of E. coli GlpT (35) , LacY (2), and EmrD (84), and a lower-resolution structure of O. formigenes OxlT (30, 32) . This revealed that all these MFS proteins-despite their sequence divergence-do indeed share almost the same 3D structures. Essentially all existing biochemical and biophysical data for these and other MFS proteins are in agreement with these structures (45, 47, 57) . This finding leads to the notion of a shared fold that acts as a scaffold for all MFS proteins, irrespective of their particular function as a symporter, uniporter, or antiporter.
Structure of MFS Antiporters
Detailed 3D structural information is currently available for three MFS antiporters, all from prokaryotes (30, 35, 84) . The structure of GlpT (35) , along with that of the related LacY symporter (2, 22) , has been determined for the C i conformation. Two additional structuresthose of the oxalate exchanger, OxlT, and the multidrug transporter, EmrD-may represent transporters in an occluded state (30, 32, 84) . There is as yet no structure of an MFS transporter in the C o conformation. Nevertheless, the available structures emphasize the general conservation of fold and architecture, consisting of two domains with a pore between them.
Publication of these structures, in combination with previous mutagenesis, biochemical, and biophysical studies (6-8, 17, 18) , has enabled a dramatic enrichment of our understanding of transporter mechanism. Furthermore, such structural information has been invaluable for the design of new studies to test mechanistic aspects of these proteins.
Structure of GlpT in the C i Conformation
As a member of the organophosphate:phosphate antiporter (OPA) family of the MFS, GlpT functions to couple an outward flow of internal inorganic phosphate (P i ) to the uptake of glycerol-3-phosphate (G3P) into the cell (26) . G3P is an important intermediate in both glycolysis and phospholipid biosynthesis, and it can act as the sole energy source for bacterial growth (48, 63) . In GlpT and other antiporters that utilize P i -linked exchange, the net reaction is enabled by the outwardly directed P i gradient. In addition to bacterial OPA proteins, homologues of GlpT have been identified in a range of eukaryotes, including plants (12) , fruit flies (3), mice (72) , and humans (11) . The 3.3Å structure of GlpT showed the molecule to have a silhouette reminiscent of a Mayan temple (35) . The periplasmic side of the protein is plateau-like and protrudes only slightly into the external surface. In contrast, several TMs extend beyond the membrane interface at the cytoplasmic side.
GlpT consists of N-and C-terminal domains related by a pseudo twofold symmetry (Figure 1a) . Each domain is composed of six transmembrane α-helices, divided into two three-helix bundles inserted into the membrane in opposite orientations. These TMs are packed loosely in the membrane, presumably to facilitate helix and domain mobility that occurs during the substrate translocation process (28, 29) . A long cytoplasmic loop (L6-7) of 45 residues, part of which is disordered in the crystal structure, links the N-and C-terminal domains (35) . Although this loop acts as a constraint for movement of the N-and C-terminal domains, it likely still permits a relatively large interdomain movement, which has implications for the substrate translocation mechanism.
Although MFS proteins such as the lactose transporter LacS from Streptococcus thermophilus (76) and the Bacillus subtilis tetracycline transporter TetL (66) are dimeric, GlpT and its close homolog UhpT function as monomers (5, 10) . For this reason, the permeation pathway is presumed to reside within the monomer itself, and the 3D GlpT structure immediately suggests that the substrate translocation pathway is the pore saddled by the GlpT N-and C-terminal domains (Figure 1a ) (35) . When viewed perpendicular to the membrane, the pore is corralled by a rectangular fence composed of 8 of 12 TMs (two on each of the two sides, two at the front, and two at the back), which act as a scaffolding for the remaining 4 TMs. The TMs that form the front and back of the fence (TM2 and TM11, and TM5 and TM8, respectively) are curved like a banana, so that each helix pair is shaped like an hourglass, in which the helices make contact with one another at the periplasmic side of the membrane but are separated from each other in the cytosol. The curvature of these helices holds significance for the rockerswitch type of movement that the GlpT N-and C-terminal domains undergo during the transport reaction cycle (35) .
In the crystal structure of GlpT, the substrate translocation pore is open only to the cytoplasmic side of the membrane (Figure 1a ) (35) . The pore is prevented from forming a portal through the membrane by portions of TM1 and TM7, which fills gaps in the barrier with the side chains of nine aromatic residues. This arrangement ensures there is no communication between opposite sides of the membrane when the transporter is in the C i conformation, an important structural feature consistent with the substrate translocation mechanism. From the middle of the membrane, the substrate translocation pore opens out to form a well about 30Å deep, with a funnel-shaped outer section and a more cylinder-shaped inner section. The base of this inner section is lined by side chains that yield a positive surface electrostatic potential, and this likely enhances binding of GlpT to its negatively charged, oxyanionic substrates (10) . The interior surface of the funnel section, however, is greasy and lined with mostly hydrophobic residues that would prevent adhesion of ions and water molecules and thereby direct hydrophilic substrates down to the electropositive binding site. The lower and outermost sides of the pore are formed by the cytoplasmic ends of the N-terminal domain TM4 and TM5 helices, their connecting loop L4-5, and the corresponding C-terminal helices and loop, TM10 and TM11 and L10-11 (35) . The cytoplasmic ends of TM1 and TM7 make contacts with these loops (L4-5 and L10-11, respectively), and this arrangement appears optimal for transmitting substrate-induced conformational changes throughout the protein (35) .
The information provided by the 3D structure of GlpT (Figure 1a) has been invaluable to efforts to unravel general principles of substrate binding and protein architecture in the MFS. But when considered together with the structures of two other MFS antiporters, the O. formigenes oxalate:formate transporter OxlT (30, 32) and the E. coli drug:H + antiporter EmrD (84) , it is also possible to derive important clues regarding the conformational change that MFS antiporters undergo during the transport cycle.
Structures of OxlT and EmrD in an Occluded Conformation
In contrast to the overall Mayan temple-shape of GlpT in the C i conformation, the OxlT and EmrD structures show these proteins in a more compact, occluded conformation. A projection map at 6Å (27) and a 3D map at 6.5Å of OxlT (Figure 1d ) (30) were determined using electron crystallography of two-dimensional crystals grown in the presence of saturating concentrations of substrate (oxalate), giving us a first glimpse of what MFS proteins look like at the molecular level in terms of helix organization. The overall topology of the transporter revealed 12 TMs arranged around a central pore that is closed to both sides of the membrane (30) . Like GlpT, the OxlT protein consists of two six-helix bundles representing the N-and C-terminal domains. As might be expected if this structure reflected a conformation different from that of GlpT, there are subtle differences in the relative displacement of OxlT helices compared to those of GlpT. Although the low resolution of the OxlT structure did not permit visualization of bound substrate, the overall structure is much more compact and closed to both sides of the membrane, suggesting it was crystallized in an occluded state (30) . This conformation likely corresponds to a key intermediate state in the reaction pathway somewhere between the C i and C o conformations (40) . With the GlpT structure as a template, the 6.5Å OxlT density map was used subsequently to model a structure of the latter in the substratebound occluded state (32) . This too suggested that substrate binding initiates a global conformational change imperative for function (31) . Similarly, biochemical and biophysical studies have also provided evidence of a more compact form of GlpT upon substrate binding (10, 35) .
The other MFS protein whose 3D structure represents an occluded state is EmrD (84) . With respect to substrate specificity, EmrD differs significantly from GlpT and OxlT in that it can export a broad range of hydrophobic substrates from the cell (59) . Nevertheless, the 3.5Å crystal structure of EmrD (Figure 1c) showed that, like other MFS proteins, it consists of 12 TMs organized as a pair of six-helix domains resembling those found in OxlT and GlpT. The pore surrounded by these helices is closed to both sides of the membrane. Although the relative orientation of some of the helices (TM3, TM6, TM9, and TM12) is similar to that of their GlpT counterparts, the other helices deviate substantially from the observed positions of their GlpT equivalents. The EmrD structure also shows two long helical regions (composed of TM4 and TM5, and TM10 and TM11, and the loops that connect them) on the cytoplasmic side of the membrane that are arranged much closer to the substrate translocation pore and that extend farther into the cytoplasm than their GlpT counterparts (84) . It was suggested that these regions, and a run of positively charged residues located at the end of TM4, act as a substrate specificity filter (84) . Akin to the OxlT structure, the EmrD helices form a compact structure of ∼50Å in the plane of the membrane by ∼45Å along the membrane normal. Consistent with its function of catalyzing the translocation of hydrophobic compounds across the bacterial inner membrane, the substrate translocation pore of EmrD is much more hydrophobic than that of GlpT, with stacked aromatic side chains lining the pore surface probably to aid in substrate binding (84) . That this transporter has been crystallized with its substrate translocation pore closed to both sides of the membrane makes it likely that it has been captured in an occluded state (84) . It is surprising, then, that no substrate is visible in this structure, because in the absence of substrate an occluded state is a high-energy, unstable state that would in principle be refractory to crystallization. The absence of substrate, therefore, is likely a consequence of insufficient resolution. In summary, we now have access to three 3D structures of MFS antiporters, one in the substrate-free C i conformation (35) and two in a substrate-bound, occluded state (30, 84) .
SUBSTRATE SPECIFICITY OF MFS ANTIPORTERS
One intriguing aspect of MFS transporters as a whole is their ability to differentiate between vast selections of often similar substrates. Indeed, there is probably an individual MFS transporter for each small-or medium-sized www.annualreviews.org • 
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MD: molecular dynamics
G6P: glucose-6-phosphate hydrophilic molecule of biological relevance in the cell. The simplicity of the MFS fold design, that of two symmetrical domains saddling a substrate-specific pathway, has been used repeatedly by nature, so clearly it is the presence of only a few amino acid residues at the substrate-binding site that determines the specificity of each transporter for its cognate substrate.
Among MFS antiporters, substrate specificity determinants have been well studied in UhpT (23) (24) (25) . An intrahelical ion pair in UhpT formed between an asparagine (D388) and lysine (K391) of TM11 is essential for normal UhpT function (23) . Because TM11 lines the substrate translocation pore in UhpT, it was suggested that residues that compose sections of it could function as determinants of and regulate substrate specificity of the transporter (24) . Furthermore, an uncompensated cationic charge at position 388 or 391 in UhpT resulted in gain-of-function mutants that preferred divalent phosphoenolpyruvate as a substrate to the monovalent hexosephosphates normally transported by UhpT (24) . In contrast, an uncompensated anionic charge at position 388 increased the preference of UhpT for monovalent hexosephosphates rather than divalent sugar species (23) . A related antiporter from Salmonella typhimurium, PgtP, which transports phosphoenolpyruvate, lacks the equivalent D388-K391 salt bridge but does possess an uncompensated R391, indicating that residues at positions 388 and 391 in these transporters act as determinants for substrate selectivity (23) .
More recent work has used structural, computational, and biochemical analyses to describe a more detailed mechanism for substrate binding by GlpT (43) . GlpT, like other MFS transporters, operates via a single binding site, alternating-access mechanism (77) involving a rocker-switch type movement of the protein (35, 44) . Because the published structure of GlpT is of the molecule in the absence of substrate, in the C i conformation, the nature of the substrate-binding site could only be inferred (Figure 1b) (35) . Nevertheless, strong arguments attest to the validity of this inference. Two conserved, positively charged residues, arginine 45 (R45) from TM1 and arginine 269 (R269) from TM7, are located at the inner end of the substrate translocation pore visualized in the GlpT structure, and these basic residues are strategically placed to interact with substrate as central components of the binding site (35) . In the crystal structure, the shortest distance between the R45 and R269 side chains is 9.9Å. For both side chains to form a hydrogen bond length of 2.9Å with the negatively charged oxygen atoms of the P i or G3P substrate, they must move 1.4Å closer to each other. This could occur if substrate binding pulls TM1 and TM7 closer together (35) . Molecular dynamics (MD) simulations support the notion that R45 and R269 directly bind to substrates (43) . As expected, mutation of either arginine into a lysine eliminates transport activity of GlpT reconstituted into proteoliposomes.
These presumptive ligand-binding residues are conserved between GlpT and its close homolog from E. coli, UhpT, and also in G6PT, the human microsomal glucose-6-phosphate transporter (4, 17) . Importantly, the two equivalent arginine residues (R46 and R275) in UhpT have also been identified as substrate-binding elements, as only these two among all UhpT arginines are essential (17) . This finding is entirely consistent with the binding chemistry suggested by the GlpT crystal structure. Similarly, in G6PT, mutation of R28 (equivalent to GlpT R45) to cysteine or histidine abolishes transport activity; indeed, such mutations cause glycogen storage disease type Ib (4, 14) . Paired basic residues are also essential for function in several other MFS anion transporters such as the nitrate transporter, NrtA, from Aspergillus nidulans (75), the putative E. coli nitrate:nitrite antiporter, NarU (37), and OxlT (79) .
Other residues are also involved directly in substrate binding in OPA family proteins. Studies on UhpT have implicated a lysine (K82) and a histidine (H168) residue as important to substrate binding (23, 25) , and equivalent residues in GlpT (K80 and H165) line the substrate translocation pathway (Figure 1b) .
In a recent analysis of the GlpT structure, it has been suggested that K80, in partnership with R45, R269, and H165, plays a vital role in substrate binding (43) . This proposal was supported by MD simulations (43) suggesting that H165 is involved in substrate coordination only when it is protonated. The maintenance of a positive charge on the H165 residue during substrate binding presumably enables stronger binding to the GlpT anionic substrates.
While changes in the ionization state of histidine are common in many enzyme-catalyzed reactions (69) , observations in LacY (58), UhpT (25) , and now GlpT (43) highlight its importance in membrane transporter proteins in general. In GlpT, H165 is surrounded by several conserved aromatic residues (Y38, Y42, Y76, W138, W161, Y362, and Y393) (35, 46) . Aromatic residues such as tyrosine stabilize positive charges within the membrane electric field (16); thus, it is possible that the primary function of the conserved tyrosines and other aromatic residues surrounding the binding site of GlpT is not in substrate binding but rather in stabilizing the basicity of the binding site. Preservation of the basicity of the substrate-binding site is vital for function of OxlT as well (79, 83) , and a membrane-embedded positive charge is proposed to be essential for multidrug transport by the E. coli MFS protein MdfA (70) . Moreover, several aromatic residues are required for substrate transport in the human organic anion transporter hOAT1 (62) , and both histidine and tyrosine residues appear to participate in substrate binding by another MFS protein, the mammalian H + :peptide transporter PepT1 (15) .
Taken together, a reasonably detailed mechanism for substrate binding by the C i conformation of GlpT can be summarized as follows: (a) An initial weak binding of substrate occurs at the inner end of the substrate-binding pore and involves three basic residues, K80, R45, and R269 (Figure 1b) . At this stage H165 is unprotonated and does not participate strongly in binding. (b) H165 then undergoes protonation, perhaps facilitated by the proximity of P i , and its side chain moves closer toward and interacts more strongly with the substrate. At the same time, the R45 and R269 side chains also move 1.4Å closer to each other, pulling TM1 and TM7 closer together on the cytoplasmic side (35) . Coupled with a rotation of the Nand C-terminal domains (see below), this elicits stronger, more stable interactions between the substrate and K80, R45, R269, and protonated H165 and thus tighter binding to the transporter. The intrinsic binding energy released by this stronger interaction is utilized to overcome the energy barrier to conformational change of the unloaded transporter (Figure 2d ). (c) Subsequent deprotonation of H165 weakens the interactions with the substrate, now bound in the C o conformation, allowing it to be released into the periplasm.
Such a mechanism agrees with earlier energetics considerations of membrane transport. It has been suggested before for membrane transporter systems that reduction in the energy barrier to conformational change-paid for by intrinsic binding energy between substrate and its binding site-is dependent on formation of an initial loose complex followed by a tight complex that forms in the transition state (41, 42) . This mechanism is probably conserved among all OPA family antiporters.
ROCKER-SWITCH MECHANISM
A fundamental problem encountered in the study of membrane transport concerns the mechanism of substrate translocation; following substrate binding, how can a membraneembedded protein catalyze movement of the substrate from one side of the membrane to the other? In both MFS antiporters and symporters, the substrate-binding site has access to each side of the membrane in an alternating fashion. This can now be seen as a direct consequence of domain movement that allows the N-and C-terminal portions of the transporter to rock back and forth against each other along an axis that runs along the domain interface in the membrane. This rocker-switch mechanism, implied from the crystal structures of GlpT (35) and LacY (2) 
Salt-Bridge Formation and Breakage during Substrate Translocation
The current model of GlpT-mediated transport invokes a single binding site, alternating-access mechanism accompanied by rocker-switch type movement of the N-and C-terminal domains Substrate binding and transport cycle of GlpT. (a) Schematic diagram illustrating the salt bridges that are formed and broken upon initial loose and subsequent tight binding of substrate to GlpT. When substrate binds loosely to GlpT in the C i conformation and H165 is unprotonated, interhelical salt bridges are formed between R45-D274 and K46-D274 (43) . (b) Protonation of H165 elicits tighter substrate binding, and R45 and R269 move closer to each other, pulling TM1 and TM7 closer together. The R45-D274 interhelical salt bridge breaks and a new intrahelical salt bridge forms between R269 and E299. The existing interhelical salt bridge formed between K46 and D274 becomes stronger, and the transporter takes on a more compact conformation (43) . TM1, TM7, and TM8 are depicted as cylinders, and the amino acid side chains that participate in salt-bridge formation are depicted as stick models, and salt bridges as dashed lines. The substrate molecule is represented as blue van der Waals spheres. (c) Schematic diagram of the single binding site, alternating-access mechanism with a rocker-switch type of movement for the GlpT-mediated G3P-P i exchange reaction. The diagram describes the proposed conformational changes that the transporter undergoes during the reaction cycle. C o , outward-facing conformation; C i , inward-facing conformation. The G3P substrate is represented by a small disk and triangle, and P i is represented by a small disk (35) . (d ) A schematic free-energy diagram illustrating the energy levels of the different conformations of GlpT that occur during the transport reaction cycle under physiological conditions. In the absence of substrate binding, the energy barrier prevents the conformational interconversion between the C o and C i states of the transporter. Substrate binding lowers the energy barrier sufficiently to allow Brownian motion (kT) to drive the conformational interconversion. The energy barrier is represented by a dotted line. S denotes substrate (44) .
of the transporter; in kinetic terms, this reflects that interconversion between the C i and C o (and vice versa) conformations is favored upon substrate binding. Recent work using a combination of MD simulations and biochemical experiments suggests that formation and breaking of inter-and intradomain salt bridges are important in controlling the helical motions necessary for the large-scale conformational change between C i and C o (43) . Examination of the crystal structure of GlpT implicated three conserved, charged residues, K46, D274, and E299, that line the periplasmic end of the substrate-binding pore to be of potential importance to function (Figure 1b) . MD simulations and biochemical experiments then suggested that interdomain salt bridges formed by the negatively charged D274 with two separate basic residues (K46 and R45) and by E299 with K46 act in concert as springs to stabilize the different conformations during the transport reaction cycle (Figure 2a,b) . Initially, when H165 is unprotonated and P i binds loosely to the binding site, there is only a weak interaction between D274 and K46 (Figure 2a) . At the same time, much stronger salt bridges exist between D274 and R45 and between E299 and K46. This would maintain the transporter in the C i conformation, in which the binding site allows substrate approach from the cytoplasmic side of the substrate translocation pore. Subsequent tighter binding of substrate, accompanied by protonation of H165, pulls R45 of TM1 and R269 of TM7 closer together. Tight substrate binding causes complete disruption of the interdomain D274-R45 salt bridge, a weakening of the E299-K46 salt bridge, and the formation of stronger inter-and intradomain salt bridges between D274 and K46 and between E299 and R269, respectively, resulting in interdomain movement and relative rotation of the helices in each domain (Figure 2b ).
In this model, substrate binding effectively weakens interactions that stabilize the C i conformation. This enables new interactions involved in domain rotation, possibly involving yet other salt bridges. In this model, the saltbridge dynamics are part of the spring that permits the delicately poised GlpT molecule to flip via the rocker-switch mechanism (35, 47) from the C i -S conformation to the C o -S conformation. The salt bridges may even act as the pivot upon which the teeter-totter motion of the two domains of the protein is centered. Interestingly, the E. coli outer membrane protein OmpA uses the formation and breaking of salt bridges to control the gating of its substrate translocation pore (34) .
Evidence for conformational changes during substrate translocation by antiporters is available from the structure of GlpT (35), and from its comparisons with the OxlT (30, 31) and EmrD (84) structures. As noted above, a model of OxlT in substrate-bound form gave insight into the conformational changes that occur upon substrate binding to antiporters (32) , suggesting that the main consequence of transition from the unloaded, C i state to the closed, substrate-bound C i -S state is a closing of the cytoplasmic ends of the N-and C-terminal domains, involving a swiveling movement of each domain relative to the other (Figure 2c) . Further, it was suggested that the continuation of this movement brings the protein into the C o -S state, in which the cytoplasmic ends of the domains are closer together than the periplasmic ones, thereby revealing the binding site to the periplasm and exposing the substrate to it. Because of the symmetry of the global architecture of OxlT, the C o state is likely to mirror the C i state (31, 32) .
Kinetic Considerations
Recent kinetic studies on GlpT provide further evidence for the rocker-switch mechanism, and the findings have allowed the reaction cycle to be described in detailed physical chemistry terms (44) . The rate of the complete reaction cycle is associated with and dictated by large conformational changes in the protein. An occluded state of the protein is also expected during substrate translocation (40) , although it is unknown whether this state is as stable in GlpT as it is in OxlT and EmrD. As the entire antiport process must occur at a physiologically www.annualreviews.org • 
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realistic rate and be responsive to changes in substrate concentrations on both sides of the membrane, reasonable values for the rate constants are needed for the individual stages of the reaction cycle (Figure 2c) . Like other antiporters, GlpT obeys Michaelis-Menten kinetics and operates via a ping-pong mechanism (80) . This allows one to conceptually distinguish six discrete steps, with three steps dedicated to the binding, translocation, and release of one of the transported substrates and the other three steps describing the same events for the transport of the countersubstrate. This represents the minimum number of steps required for antiport. The half-reaction for translocation of one substrate (P i in the case of GlpT) can therefore be written as
The three stages of the half-reaction are (a) binding of substrate to the protein in the C i conformation; (b) switching of the substratebound form of the protein from the C i -P i state to the C o -P i state, which allows the pathway to face the opposing surface; and (c) release of the translocated substrate into the periplasm. A detailed description of the antiport reaction mechanism begins with GlpT in the C i conformation, with its substrate-binding site accessible only to P i on the cytoplasmic side of the membrane (Figure 2c) . In this state, the antiporter is in a stable configuration of low energy. The conformational change from the C i state to the C o state (or vice versa) of unloaded, substrate-free transporter over the energy barrier is slow compared with the substrate-bound form (Figure 2c) . Thus, one may derive from Equation 1,
where
and K m is dependent on the ratios of (k −1 /k 1 ) and (k 3 /k −1 ). Biochemical experiments that exploit the quenching of intrinsic tryptophan fluorescence of GlpT upon binding of G3P substrate in detergent solution give an apparent substratebinding dissociation constant of ∼0.8 μM (44). Significantly, the binding of substrate to GlpT is independent of temperature, as is the Michaelis constant for transport, K m , calculated from assays performed using both E. coli whole cells and purified GlpT reconstituted into proteoliposomes (44) . The next kinetic event (the k 2 /k −2 step) represents the interconversion of the protein from the C i -P i to the C o -P i state, which is accompanied by exposure of the substrate-binding site to the opposite side of the membrane (Figure 2c ). This step encompasses the transition state and is the rate-limiting step of the whole transport process (18) . Crucially, transport assays showed that this step is highly temperature dependent, with the maximal velocity of transport, V max , increasing with temperature (44) . This led to the conclusion that release of binding energy alone is insufficient to drive the C i -P i to C o -P i transition, and that an energy input of roughly 35 kJ mol −1 (at 37
• C) is derived as thermal energy from the environment (Figure 2d ). The final step of the half-reaction described in Equation 1 involves release of bound substrate into the periplasmic compartment and presentation of the binding site to countersubstrate (G3P in the case of GlpT) to allow the antiport reaction to recur by reversal of the three steps described above (Figure 2c) . In the periplasm, the relatively low affinity of the transporter for P i (10, 26) allows its replacement by G3P, whereas in the cytoplasm P i replaces G3P at the binding site owing to its much higher cellular concentration (4 mM under nongrowing conditions) (78) , thus driving the entire transport reaction. This mechanism effectively allows substratebound GlpT to randomly sample the C i and C o states via simple Brownian motion; the net direction of transport is then determined by substrate association/dissociation reactions in accordance with the rules of mass action at either surface. We believe that all antiporters of the MFS likely utilize this same mechanistic strategy.
Substrate Exchange Stoichiometry
Even today, ambiguity exists as to the actual stoichiometry of exchange in MFS antiporters. For technical reasons discussed by Maloney et al. (53) , investigations into the stoichiometry of G6P:phosphate exchange were performed on membrane vesicles of Streptococcus lactis. A striking finding from this work was the effect of pH on the substrate-exchange process (9, 52) . First, a reduction in pH slowed the reaction owing to a velocity effect. Dropping the pH from 7 to 5.2 reduced the V max 10-fold, whereas the K m remained constant for both heterologous and homologous exchange reactions, implying that monobasic and dibasic sugars were equally effective as substrates. Second, the pH had a direct impact on stoichiometry, with a 2:1 P i :sugar phosphate exchange measured at pH 7, and a 1:1 exchange measured at pH 5.2 (9) . On the basis of these findings, along with the presumption that monovalent P i but not divalent P i is the preferred exchange substrate, a model was forwarded that incorporated a bifunctional substrate-binding site that accepted either two monovalent sugar phosphates (2HG6P 1− ) or a single divalent anion (1G6P 2− ), but not both (53) . This seemed to reconcile the observed 2:1 (2P i versus 1G6P) stoichiometry at alkaline pH and a 1:1 (2P i 1− versus 2G6P 1− ) ratio at acid pH. The arrival of the crystal structure of GlpT casts some doubt on these interpretations because there does not appear to be sufficient room in the translocation pore for two molecules of P i , much less G3P. Nevertheless, because the GlpT structure has no bound substrate (35) , the issue remains unsettled, and it will be of great interest to reexamine how these transporters select among the various ionic forms of their substrates. For example, the finding that H165 in GlpT is likely to accept a proton during the binding of P i (43) immediately raises the question of whether the proton is abstracted from the medium or from P i and how this might affect selectivity among mono-and dibasic forms of P i .
FINAL CONSIDERATIONS
As a final point in this review, it is worth noting that redundancy with respect to membrane transporters is built into the cell. Often, the cell contains both primary and secondary active transporters for the same substrate. As the largest primary transporter superfamily in the cell (61), the ATP-binding cassette proteins, like their MFS counterparts, display diverse substrate specificity. Although secondary active transporters do not establish as steep a substrate gradient as primary transporters do, they may be viewed as energetically more frugal. This allows the cell to modulate expression of each type of transporter for a particular substrate according to cellular and environmental needs (46) .
SUMMARY POINTS
1. All MFS proteins share essentially the same 3D structure, with two domains that saddle the substrate translocation pore.
2. Conservation of the blueprint for the fold of MFS antiporters implies that the diversity of substrate preference seen in the MFS is a result of changes in only a few residues in the substrate-binding site and translocation pathway.
3. Release of intrinsic binding energy upon binding of substrate lowers the activation energy barrier sufficiently to allow Brownian motion to drive substrate translocation across the membrane.
4. Substrate translocation, via the rocker-switch mechanism, is accompanied by large, global conformational change of the protein that involves formation and breaking of inter-and intrahelical salt bridges.
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FUTURE ISSUES
1. How many conformational states of the transporter are there? There is an urgent need to define the transition states in conformational space. Characterization of these states and the ability to achieve an individual state in vitro are the main hurdles to realizing a full structural characterization of any secondary active transporter.
2. We eagerly await the arrival of high-resolution structures of an MFS antiporter in the C o conformation and in the substrate-bound C i conformation.
3. Are the same residues involved in binding substrate in both the C i and C o conformations, and what are the exact determinants of substrate specificity and ionic selectivity?
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